Conventional solid state reaction technique was used to synthesize Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 multiferroic ceramics (where x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5). Powder of ingredients was mixed thoroughly in stoichiometric amount and calcined at 1150˚C for 5 h. Disk and toroid shaped samples prepared from each composition were sintered at 1450˚C for 5 h. The XRD analysis confirms that all compositions are single phase cubic perovskite structure. The theoretical and bulk density increases with increase of Sr content, which may be attributed to the fact that the atomic weight and density of Sr are larger than those of Ca. The average grain size increased with increasing Sr content up to x = 0.2, and then decreased with further increase of Sr content. Frequency dependent dielectric constant shows usual dielectric dispersion at lower frequencies due to Maxwell-Wagner type interfacial polarization. The higher values of real and imaginary part of impedance at lower frequencies are also due to the fact that all kinds of polarization mechanism are present and increase with Sr content indicating the enhancement property of the composition. The continuous dispersion on increasing frequency contributes to the conduction phenomena. Two semicircles correspond to the grain boundary and grain resistance separately. The complex modulus analysis reveals the polaron hopping and negligibly small contribution of electrode effect. The continuous dispersion on increasing frequency may be contributed to the conduction phenomena. The ac conductivity, σ ac , was derived from the dielectric measurement and it increases with increase of frequency for all the compositions and can also be explained on the basis of polaron hopping mechanism. At higher frequencies conductive grains are more active, and thereby increases of hopping of charge carrier contribute to rise in conductivity. The real part of initial permeability increased with increasing Sr content up to x = 0.2, and 
x = 0.2, and then decreased with further increase of Sr content. Frequency dependent dielectric constant shows usual dielectric dispersion at lower frequencies due to Maxwell-Wagner type interfacial polarization. The higher values of real and imaginary part of impedance at lower frequencies are also due to the fact that all kinds of polarization mechanism are present and increase with Sr content indicating the enhancement property of the composition. The continuous dispersion on increasing frequency contributes to the conduction phenomena. Two semicircles correspond to the grain boundary and grain resistance separately. The complex modulus analysis reveals the polaron hopping and negligibly small contribution of electrode effect. The continuous dispersion on increasing frequency may be contributed to the conduction phenomena. The ac conductivity, σ ac , was derived from the dielectric measurement and it increases with increase of frequency for all the compositions and can also be explained on the basis of polaron hopping mechanism. At higher frequencies conductive grains are more active, and thereby increases of hopping of charge carrier contribute to rise in conductivity. The real part of initial permeability increased with increasing Sr content up to x = 0.2, and then decreased further increasing the Sr content. Firstly, it increased due to the higher values of grain size, and then decreased with the Sr content due to the lowering the grain size. The saturation magnetization, M s , increases for x = 0.2 and then decreases with increasing Sr content due to the pore acted as a pinning centre of electron spin; thereby Ms decreases also due to the grain size which is well supported by the permeability results. The decrease of magnetoelectric voltage coefficient α ME with content may be attributed to the increased porosity in the sample. The presence of the pores breaks the magnetic contacts between the grains. The highest value of α ME is 42.22 mV·cm −1 •Oe −1 for the composition x = 0.2 which is attributed to the enhanced mechanical coupling. It was revealed that there is a dramatic influence of Sr with content x = 0.2 and also has strong correlations on grain size as well as magnetic and magnetoelectric properties.
Introduction
Ceramics having multiferroic properties are very appealing materials from a functional point of view, because they can show a wide range of properties: ferroelectricity, ferromagnetism, ferroelasticity and can also be metals, insulators, semiconductors, superconductors, etc. Furthermore, the coupling between some of these properties can give rise to new applications [1] . Particular interest has been aroused by the possibility of new magnetoelectric coupling mechanisms [2] [3], which was introduced in 1926 by Debye. Later on, Dzyaloshinskii predicted that this type of coupling, which was observed afterward by Astrov [4] , had the potential for exploitation in technological applications [5] [6] [7] . Although a certain number of materials with ferroelectricity and ferromagnetism exist, the coupling between those two properties is not always large enough [8] and the nonlinear magnetic behavior was observed at 10 and 50 K [9] . The transition temperature of SrFeO 3 and CaFeO 3 was also reported to vary with their ionic radii by several authors [10] [11] [12] . This compound having general formula ABO 3 shows the perovskite structure. It is well known that the dielectric properties strongly depend on processing conditions during sample preparation as well as on small amounts of doping. Concerning impurity effects, results reported in literature lead to a systematic and significant decrease of the effective dielectric constant [13] [14] , which is accompanied by a concomitant strong decrease in conductivity [15] O 5 were used for the preparation of ceramics. These chemicals were taken in stoichiometric ratio, and mixed for 24 h.
Then the mixed powders were calcined in air at 1050˚C for 5 h with a heating rate of 10˚C/min and cooling rate of 5˚C/min in a furnace to establish the course of nucleation for the grain growth and to felicitate the decomposition of the substituent oxides/carbonates. To obtain a homogeneous mixture, the calcined powder of the above mentioned ceramics were regrind. The samples were sintered at 1450˚C for 5 h and then brought to room temperature
Characterization
The crystal structure of the prepared samples were studied using a X-ray diffractometer (BRUKER D8 ADVANCE) with CuK α radiation (λ = 1.541 Å) at room temperature. The lattice parameters were calculated from the X-ray diffraction (XRD) data. The microstructure of the sintered samples was examined by a Field Emission Scanning Electron Microscopy (FESEM, model no. JEOL JSM 7600 F). The theoretical density, ρ x of the samples was determined by the formula,
where, n is the number of atoms in a unit cell, M A is the molar mass of the sample, N A is the Avogadro's number and V is the volume of the unit cell. The bulk density, ρ B of each sample was calculated using the relation: where, m is the mass, r is the radius and t is the thickness of the sample. The porosity, P of the samples were calculated using the formula,
The dielectric measurements were carried out at room temperature within the frequency range of 100 Hz -10 MHz by using Wane Kerr Impedance Analyzer (series B 6500). To measure dielectric properties, the samples were painted on both sides by conducting silver paste to ensure good electrical contacts. The dielectric constant ( ) ε ′ was calculated from the capacitance using the formula: 
The ac conductivity ( ) ac σ was determined at room temperature in the frequency range 100 Hz -10 MHz to study the mechanism of conduction. For the measurement of ac conductivity the samples were painted on either side with silver paste to ensure good electric contacts. The ac conductivity of the sample was calculated from the dielectric data using the relation Magnetic hysteresis is a key factor determining the possible applications of magnetic materials. M-H curves for materials were measured using Vibrating Sample Magnetometer (VSM) (Model no.: Micro Sense EV 9), in which the sample is placed inside a uniform magnetic field to be magnetized. By physically vibrating the sample sinusoidally an induced voltage in the pickup coil is produced due to the magnetic moment which is proportional to the samples magnetization but does not depend on the strength of the applied magnetic field.
Therefore by detecting the induced voltage, the magnetic-field-dependent magnetization hysteresis curve of the materials is measured. voltage coefficient, α ME , was calculated sing relation,
where V o is the ME voltage across the sample surface and h o is the amplitude of the ac magnetic field.
Result and Discussions

XRD Analysis
The 
Density of the Composition
Density and porosity play an important role in controlling the microstructure and the physical properties of the Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 ceramics. Figure 2 shows the theoretical density, bulk density and porosity of Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 ceramics sintered at 1450˚C as a function of Sr content. The increase of density with the increase of Sr content may be attributed to the fact that the atomic weight and density of Sr content is larger than that of Ca. It also appears that the value of ρ B for all the compositions is lower than that of the corresponding ρ x . This may be due to the presence of pores in the bulk samples which may be formed and developed during sintering leading to a variation in bonding among the elements and making a change in interatomic distance which in turn increases the density. possess fine crystalline structure. The inhomogeneity in the grain size is due to the different growth rate of in the compositions. During the sintering process, the thermal energy generates a force that drives the grain boundaries to grow over pores, thereby decreasing the pore volume and increasing the density of the material. It is known that the porosity of ceramics results from two sources, such as intragranular porosity and intergranular porosity. Thus the total porosity could be written as P = P intra + P inter . The intergranular porosity mainly depends on the grain size [17] .
Surface Morphology
The follow the variation of field frequency. Thus contribution of space charges at high frequency towards ε ′ decreases. Moreover, the dipolar and the ionic contributions are also small at higher frequency due to the inertia of the molecules and ions. The value of ε ′ is also found decreasing with the increase in Sr content which might be due to the hopping mechanism of 3d electrons between Fe
Dielectric Properties
2+
and Fe 3+ also reduction of oxygen vacancies. The variation of dielectric loss (tanδ)
with frequency of various Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 ceramics is shown in Figure 5 .
The dielectric loss arises mainly due to impurities and imperfections in the crystal lattice. It is observed that the compositions exhibit a loss peak according to
Debye relaxation theory. The electric dipoles cannot follow the alternating field instantaneously; some time is needed for the alignment of dipoles with the field.
Complex Impedance Analysis
Complex impedance spectroscopy is a powerful method to characterize many of 
Complex Modulus Analysis
The complex modulus spectroscopy is a very convenient method to determine, analyze and interpret the electric transport properties in the materials having the smallest capacitance. The modulus spectra are particularly useful for separating spectral components of the materials having similar resistance but different ca-pacitance. The variation of real part of modulus ( ) M ′ with frequency at room temperature is shown in Figure 8 . The value of M ′ is found to be very low at low frequencies and it increases with the increase in frequency. This continuous dispersion on increasing frequency may be contributed to the conduction phenomena due to short range mobility of charge carriers. It is possibly related to the lack of restoring force leading the mobility of the charge carriers under the action of an induced electric field [20] . Figure 9 shows the variation of imaginary part of electric modulus ( ) M ′′ with frequency at room temperature. It exhibits a peak at the frequency at higher frequency. These peaks indicate the transition from long-range to short range mobility of charge carriers with the increase in frequency. The frequency region below the peak maximum determines the range in which charge carriers are mobile over long distance whereas the region above peak maxima establishes the charge carriers are confined to potential well. It is also observed that the peaks are shifting towards lower frequency side with the increase in Sr content. This behavior indicates that the dielectric relaxation is thermally activated in this compound in which hopping mechanism of charge carriers dominate intrinsically like previous report [21] . The observed asymmetry in peak broadening indicates the spread of relaxation with different time constant and hence the relaxation in the material is of non-Debye type. Figure 10 shows the Nyquist plots ( Z ′′ vs. Z ′ ) over a wide range of frequency (100 Hz -10 MHz) of Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 composition at room temperature to distinguish between the grain and grain boundary effects to the total resistance. In practice experimental data are only rarely found to yield a full semicircle with its center on the real axis of the complex plane. The perturbations which may still lead to at least part of a semicircular arc in the complex plane are [22] : (i) The arc does not pass through the origin either because there are other arcs appearing at higher frequencies and/or because bulk resistance is greater than zero, (ii) The center of an experimental arc is frequently displaced below the real axis because of the presence of distributed elements in the material-electrode system (iii) Arcs can be substantially distorted by other relaxations whose mean time constants are within two orders of magnitude or less of that for the arc under consideration. The semicircle in the high frequency side represents the bulk resistance and that in the low frequency side represents the grain boundary resistance. The third semicircle or a spike in the low frequency region is also observed in some materials which is attributed to the effect of blocking electrodes [23] . This behavior can be described by an equivalent circuit consisting of two sub-circuits connected in series as shown in Figure 10 .
The low and high frequency semicircular arcs correspond to the R gb C gb and R g C g responses, respectively. Depressed semicircular arcs are observed for all the samples both in the high and low frequency regions which indicate that non Debye-type of relaxation exists in the present samples. In the high frequency side only single asymmetric semicircular arc is observed for all the compositions due to the overlapping of the individual semicircular arcs of the two phases. If the difference of relaxation time constants is sufficiently large two semicircular arcs would be observed in the high frequency region. The diameters of the high frequency side semicircular arcs are very small than those of low frequency side semicircular arcs indicating the dominant grain boundary contribution to the total resistance. The R gb initially increases slowly with the content and then it rises sharply. The rise of R gb may be attributed to the fact that the conductive ferroelectric grains are separated by the less conductive grains thereby increasing the total R gb . The sharp rise in R gb is attributed to the increased porosity of the samples. The R g is extremely low as compared to the R gb which indicates the conducting nature of the grain. In the present investigation it is observed that Nyquist plot for Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 in the low frequency region does not take the shape of a semicircle rather represents a straight line with large slope. This shows that R gb is out of measurement scale, which may be due to the high porosity of the sample. 
ac Conductivity
Conductivity plays a crucial role in Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 . It is a vital issue in the research of materials science. Electrical conductivity reveals the essential electrical characteristics and hence clarification of its mechanism is of primary importance. Figure 11 shows the variation of ac conductivity (σ ac ) with frequency of various Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 at room temperature. It is seen that the frequency dependence of σ ac spectrum exhibit two different regions. At low frequency region, which corresponds to dc conductivity (σ dc ), the conductivity is almost independent of frequency. On the other hand, at high frequency region, which is known as hopping region; σ ac increases faster than that of σ dc . At higher frequencies the conductive grains become more active thereby increases hopping of charge carriers and contribute to rise in conductivity.
The variation of σ ac can be explained in terms of polaron hopping mechanism [24] among the localized states. In the large polaron model, σ ac decreases with increase of frequency, while in small polaron hopping mechanism, the σ ac with increase of frequency [24] [25] . Figure 11 also shows that σ ac increases with increasing frequency. This confirms that the conduction phenomenon in this composition is due to small polaron hopping. The variation of σ ac with frequency can also be explained on the basis of Jonscher's law [26] :
where σ ac is the total conductivity, σ 0 is the frequency independent conductivity, and the coefficient A and exponent n (0 < n < 1) are temperature and materials intrinsic property dependent [27] . Thus the conduction process in the present composition is mainly due to small polaron hopping. According to Jonscher's law the variation of log σ ac with log(ω) should be linear. However, a slight deviation from linearity is attributed to mixed polarons (small/large) conduction [28] .
Hopping mechanism is favored in ionic lattices in which the same kind of cataion is found in two different oxidatation states. Thus in the conduction Figure 11 . Variation of log(σac) versus log(f) of variousCa 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 sintered at 1450˚C.
process, the hopping of 3d electrons between Fe 2+ and Fe 3+ might play an important role. The conductivity can also be explained on the basis of polaron hopping mechanism. In large polaron model, σ ac decreases with the increase of frequency while in small polaron hopping mechanism, the σ ac increases with the increase in frequency. In present investigation, all compositions exhibit an increase in conductivity with frequency which indicates that small polaron hopping is present in the conduction mechanism of the studied compound.
Complex Initial Permeability
The complex initial permeability is given by µ′ is increasing with Sr content and then gradually decreases. Permeability in magnetic materials originates because of the spin rotation and domain wall motion which is due to the fact that at higher frequencies, pinning points are found to be originated at the surface of the samples from the impurities of grains and intragranular pores. This phenomenon in turn obstructs the motion of spin and domain walls and the contribution of their motion towards the increment of permeability decreases [29] . On the other hand, it is difficult to explain compositional dependence of i The loss is mainly due to mainly due to the phase lag of domain wall motion with respect to the applied field.
Magnetic Hysteresis
Magnetic hysteresis is a key factor determining the possible applications of 
Magnetoelectric Properties
The electrical control of magnetization or magnetic control of electric polarization in the solid state is significant both fundamentally and practically. In the present case, the ME effect results from the interaction between different orderings. The ME effect in multiferroic materials arises due to the interaction of the magnetic and ferroelectric domains [30] . The ME coefficient (α ME ) has been determined by dynamic method [31] with simultaneous application of ac as well as dc magnetic field. The variation of α ME with applied dc magnetic field for all compositions is shown in Figure 15 . From the figure, it is observed that α ME decreases with increasing magnetic field. The magnetization has been observed for This initial rise in α ME may be attributed to the enhancement in elastic interaction. Applied magnetic field induces large strain in magnetic domains of the samples. Due to the coupling of the magnetic and ferroelectric domains the strain produces stress (strain mediated stress) in ferroelectric domains. The stress causes an increase in polarization of the ferroelectric domains and at a certain amount of Sr the electric polarization becomes easier due to better piezoelectric properties as a result more bound charges to be appeared. These charges will help to develop more voltage in the grain which in turn produces strong ME coupling. The decrease in α ME with the increase in magnetic field may be due to the fact that the magnetization reaches its forced saturation and hence the magnetization and associated strain produce a constant electric field in the ferroelectric phase beyond the saturation limit. This leads to a decrease in α ME at higher magnetic fields. The decrease of α ME may be attributed to the increased porosity in the sample. The presence of the pores breaks the magnetic contacts between the grains. Hence increase in porosity may reduce the net magnetization in the bulk and affects on magnetoelectric interactions in the compositions.
The maximum α ME is found to be 65.05 for the composition x = 0.2.
Conclusion
Various . The ME results imply that the composition of Ca 1−x Sr x (Fe 0.5 Ta 0.5 )O 3 may have potential applications as multiferroic materials in the future and it may be helpful for better understanding the intrinsic ME coupling and searching high-performance multiferroic ceramics and can potentially be used for fabrication of multifunctional devices such as ME transducers, actuators, sensors and heterogeneous read/write devices.
